The accuracy of the characterisation of photovoltaic devices may be affected by the method of extraction of the performance parameters. This paper investigates potential uncertainties in extracted short circuit current (Isc), open circuit voltage (Voc) and maximum power (Pmpp) from current-voltage (I-V) data of a photovoltaic (PV) device. Different interpolation methods are compared. Linear interpolation, straight line regression and polynomial regression methods are compared in different scenarios in which the curve point density and point selection for extraction are varied. The comparison shows that regression approaches can produce more accurate results when appropriate curve point density and point selection are selected. When attempting to extract Isc. Voc and Pmpp from noisy or irregular I-V data, linear interpolation is less robust than regression because of the irregular point distribution on the I-V curve.
INTRODUCTION
The increase in demand for PV applications requires more accurate and reliable methods of determining PV device ratings. While the accuracy of measuring device power varies when different equipment is used, this is understandable due to the different uncertainty associated with every measuring device [1] [2] . Analysis of the measured raw I-V data to yield key performance parameters should introduce minimal uncertainties; however this is not necessarily the case due to a lack of standardization. The extraction of the short circuit current (Isc), open circuit voltage (Voc) and maximum power point (Pmpp) can thus lead to different results when the same device measurement data is analyzed with different methods.
When a PV device's I-V curve is measured, the number of measured points and the selection of the start and end points can introduce different results when Voc, Isc and Pmpp are extracted [3] , introducing uncertainty in the final results. This problem worsens when measurement noise is also considered (Figure 1 ). Additional electronic components used in some PV modules, such as blocking and bypass diodes, can introduce further complications to parameter extraction when I-V data are measured with a voltage sweep that extends to reverse bias ( Figure 2 and Figure 3 ) or forward currents, this issue was also mentioned by Piliougine et al. as a problem that introduces more uncertainty to the extraction of I-V data main parameters [4] . This requires special considerations to avoid distortion of the extracted key performance parameters, particularly Isc. I-V curves measured with passive loads can limit the minimum voltage attained on the sweep (Figure 4) , with additional parameter extraction uncertainty depending on the method employed.
Very little detail is presented in most of the standards in how to extract Isc, Voc and Pmpp from the STC measured I-V data. ASTM E948 has the most description as it recommends interpolation or extrapolation for Voc within ±0.005 V from zero current and ISC within ±0.001 A from zero voltage and the use of a fourth-order polynomial least square fit for extracting Pmpp [2] . On the other hand, IEC61853-1 recommends linear regression for fitting both Voc, Isc and a 'polynomial' fit for obtaining Pmpp [5] . It does not specify the range of points or accuracy recommended for obtaining the extracted parameters. Other papers recommend a range of points where the voltage is 10% or less of Voc and current 12% or less of Isc [6] . Emery suggests that the closest two points bracketing the Voc or Isc are to be used to apply linear regression to obtain the Voc or Isc values. He also stated that increasing the number of points surrounding the extracted values can reduce the uncertainty of the extracted value [7] .
This paper focuses on investigating the effect of extracting Voc, Isc and Pmpp from an I-V curve under the variation of the total number of points on the curve and the number of points used for the parameter extractions with linear interpolation, straight line and polynomial regression [3] .
SHORT CIRCUIT CURRENT, OPEN CIRCUIT VOLTAGE AND MAXIMUM POWER EXTRACTION
Extracting Isc and Voc from an I-V curve measurement are generally more complex than selecting the device current at zero voltage, and device voltage at zero current [1] . This is because in most cases there are not specific measurements at these exact zero points.
One method for obtaining Voc and Isc is by selecting a number of measured points that bracket the zero voltage or current, and then interpolating or extrapolating to the zero point [2] [8] . The other approach is via fitting a line through selected points which bound the zero voltage or current to get the value at the zero point [9] . A similar approach may be used to obtain the maximum power point by using a second or higher order polynomial, or other model, fitting to either the current-voltage or the derived power-voltage measurement points [10] .
A mono-crystalline calibrated module was used as the basis of the investigation. The module was measured and the parameters were extracted. Simulated I-V curves were used, to generate idealised, unbiased 'measurements'. The module was simulated using the one diode model with PSPICE, with input model parameters extracted from an I-V curve measured at Standard Test Conditions (STC).
A series of I-V curves were then generated with PSPICE with different numbers of points on the curve. The boundaries of voltage in the simulation were selected to provide some points into the reverse bias region and also beyond open circuit. The robustness of installation is investigated by adding a simulated Gaussian noise. Special cases involving additional electrical components were simulated using PSPICE.
Code was written to extract Voc, Isc and Pmpp from the curves, with fitting methods implemented in Delphi and interpolation in MATLAB. Straight line regression was applied to the simulated data by fitting a line on a selected number of points close about the zero circuit and zero voltage points. A second-order polynomial model was also tried for determining Voc (the Isc result from the straight line fit could not be improved upon). The points about the peak on the power-voltage curve were fitted with a second order polynomial and a third order polynomial, to find the Pmpp. The linear interpolation uses the existing points on the curve to interpolate to the desired point.
RESULTS AND DISCUSSION

Linear Interpolation
Different simulation where carried out with varying the number of points on the curve from 10 points to 1000 points. The point selection for Isc and Voc varied from 2 points up to 50 points. The extracted Voc and Isc are shown in Figure 5 and Figure 6 . The maximum deviation from the ideal values of Isc and Voc are 0.04% and 0.18%. Linear interpolation showed less deviation between the selected points when higher numbers of points are selected to perform the calculations. The optimal point selection to curve ratio that can be used is 11% to interpolate the value of Voc (see Figure 5 ). On the other hand, Isc is much easier to extract because the region near Isc value tends to be less curved than that of Voc and thus the optimum point selection to curve ratio needed is 20%, as shown in Figure 6 . It is also noted that by using linear interpolation an inherent average error was noticed within the extracted values of Isc of -0.017% and 0.064% for all Voc values. 
Straight Line and Polynomial Regression
The maximum deviation from the simulated I-V values for Isc, Voc and Pmpp that where calculated with regressions are 11.3%, 1.0% and 1.1%. The large deviations may discourage the use of regression to extract the key values from I-V data because they can introduce error in the calculation of Isc, Voc and Impp, which is not true if used correctly. Linear regression showed more accurate but less stable results than the result calculated from linear interpolation, mainly because no inherent error was found within the calculation. Regression eliminates the error by fitting a linear equation on the selected points, then using it to solve for the desired zero values, which means point selection and curve density will mainly affect the curve fitting. This approach makes the linear regression method less prone to measurement noise and other external factors.
The effect of point selection and curve density on Isc values extracted with regression and interpolation is shown in Figure 6 . The maximum optimal point selection to curve ratio is up to 25% for extraction of Isc. For Voc the dominating factor is the point selection, see Figure 5 . The maximum point selection to curve ratio is up to 2%; this behaviour can be explained by the relation of fitted line and the slope at the I-V curve. When higher numbers of points are used to fit the Isc or Voc regions of the I-V data the effect of slope curve becomes more apparent on the fitted curve, and thus affect the calculated accuracy when regression is used.
The previous problem with the slope is reduced when Pmpp is extracted (Figure 7 ). Mainly because a second order polynomial curve is fitted on the selected points around the maximum power point of the measured I-V data. Since linear interpolation produces a significant error when used to extract the Pmpp, only polynomial regression was used. When a polynomial curve was fitted, a smoother curve showed better results, with the optimal point selection to curve point ratio found to be 2%.
Other Extraction Models
Different extraction methods where used to extract Voc, Isc and Pmpp from a normal I-V curve where the curve number of points is fixed at 300 points. In addition to the chosen linear interpolation and regression cubic and spline interpolation were used to extract Isc and Voc, quadratic regression for extracting Voc and cubic regression for the extraction of Pmpp. (Figure 8 ). As for Voc quadratic fitting and cubic fitting for Pmpp showed better results at higher point selected to point on curve ratio, see Figure 9 and Figure 10 .
Blocking Diode
In some modules, a series blocking diode is utilized to prevent reverse current to flow back into the module. The behaviour of such a device was modelled with PSPICE and then the main parameters were extracted using linear interpolation and regression as shown in Figure 11 . The problematic region in this type of measured I-V data is around the Voc because the current will be very small and will not cross to zero. This makes extracting the Voc less accurate with regression and more accurate with linear interpolation due to less accurate fitting of the straight line although only few points can be selected to enable linear interpolation as shown in Figure 11 . On the other hand, an early detection of this type of distortion can allow better fitting as the distorted points can be identified and avoided to allow a better extraction of the parameters with regression.
Bypass Diode in Reverse I-V Sweep
This problem happens when a PV module with a bypass diode is measured with a voltage sweep that extends to reverse bias, as shown in Figure 3 . This effect can vary with different devices measured with different tracers. Mainly because it limits the number of points that can be selected around the Isc value. Figure 12 shows the Isc extracted from a simulated I-V curve with a bypass diode and a fixed number of curve points of 300. At a point selected to points-on-curve ratio of 16%, straight line regression becomes less accurate than linear interpolation. This is mainly due to the less accurate fitting of the straight line due to the effect of the bypass diode. 
Limiting Voltage Effect on Passive Load Sweep
This effect is shown in I-V tracers with a passive type of load, which is mainly used for outdoor measurements. The initial voltage was limited and thus provided an I-V curve with missing points around the Isc as shown in Figure 4 . Due to the missing points, using linear interpolation was not possible, instead only the closest points were used to extrapolate to the Isc value. Straight line regression provided a better result for extracting Isc with selecting point selection to point on curve ratio of 5% or higher (Figure 13 ), nevertheless this can introduce a major problem for other technologies or modules with less linear region around Isc. 
Measurement Noise
Gaussian noise levels of 0.1%, 0.2%, 0.5% and 1.0% where added to the curve of 300 points, keeping in mind that acceptable error level in electronic components is in the range of 0.2% [1] , which means that noise level should be less than the 0.2% value. Regression and linear interpolation were used on the curves to extract the desired parameters. For Isc and Voc, linear regression showed better results when compared to the linear interpolation, see Figure 14 Noise is a random feature, which will have different results each time the process is carried out. To minimise this, a Monte-Carlo simulation was used to assess the uncertainties related to parameter extraction of the Isc, Voc and Pmpp. 
CONCLUSION
When Isc, Voc and Pmpp data are extracted from a measured I-V curve, different accuracy for the results can be observed depending on the point density of the measured I-V data and on the selected points over which the extractions are preformed. Extracting the parameter with Interpolation requires less calculation and thus it proved to be faster to use when less accuracy are acceptable. On the other hand, the vulnerability of interpolation to noise may produce less robust results in realistic measurement data, which makes linear regression the better and more robust choice.
Different types of interpolations and regression were explored in this paper, where for a standard I-V curve, straight line regression proved to present slightly better results than linear regression. When the right numbers of points are selected for the I-V measured data and the right range of points is selected for the curve fitting, extracting data with regression can be the most reliable method. Considering the different requirements for Isc, Voc and Pmpp, the optimal point selection to curve point ratio were found to be up to 25% for Isc, up to 2% for both Voc and Pmpp.
Special case I-V curves can be problematic when an Isc, Voc and Pmpp are to be extracted. Blocking diodes can increase the error in using regression and reduce the possible number of points that can be used to interpolate to the Voc value. On the other hand bypass diodes are less problematic in the term of extracting Isc, where the bypass diode effect is present. That is assuming that enough number of points is presented around the Isc value. Limiting voltage effect introduced by passive type of I-V tracers are better measured with straight line regression as not enough number of points is there to apply linear interpolation. 
